A mature neuron is typically polarized both structurally and functionally, with a single long axon and several dendrites. Neuronal polarity is essential for unidirectional signal flow from somata or dendrites to axons. The initial event in establishing a polarized neuron is the specification of a single axon. Early in neuronal development, one immature neurite becomes differentiated from other neurites to form an axon. Although studies in the past two decades have yielded a catalog of structural, molecular, and functional differences between axons and dendrites, we are only now beginning to understand the molecular mechanisms involved in the establishment of neuronal polarity.
ture and subsequently develop by 7 d after plating. Cultured neurons form synaptic contacts and establish a neuronal network (stage 5).
Neuronal polarization occurs from stage 2 to stage 3. The first step in neuronal polarization is initial axon formation. The specification of the axon is thought to depend on its length relative to the other minor processes (Bradke and Dotti, 2000) . Intracellular mechanisms that help to enhance neurite and axon outgrowth evidently require reorganization of cytoskeletons, including actin filaments and microtubules (Fukata et al., 2002a) . A highly dynamic area is located at the tips of growing axons, where drastic rearrangements of actin filaments and microtubules occur during neurite elongation (Bradke and Dotti, 2000; Baas and Buster, 2004) . Actin instability is higher in one of neurite growth cones of unpolarized neurons, and application of the actindepolymerizing drug cytochalasin D to stage 2 neurons causes multiple axon-like neurites, implying that reorganization of actin filaments is necessary for axon formation (Bradke and Dotti, 1999) . Actin disassembly by cytochalasin B allows microtubules to extend distally into the peripheral region of the growth cones and leads to rapid neurite growth (Forscher and Smith, 1988) . Microtubule assembly occurs in the cell body and the growth cone (Brown et al., 1992 (Brown et al., , 1993 . The microtubule array in the neurite or axon is formed through two mechanisms: the transport of microtubule polymer and microtubule assembly at the plus ends of the microtubules. Both mechanisms appear to contribute to axon outgrowth (Baas, 1997) . These findings suggest that actin filaments restrict the protrusion of microtubules. Dynamic actin filaments appear to allow the enhanced polymerization and/or transport of microtubules, resulting in promoted neurite elongation, followed by axon formation (Bradke and Dotti, 2000) .
PI3-kinase/Akt/GSK-3␤ pathway
It is speculated that axonal fate is intrinsically specified in cultured hippocampal neurons, because cultured neurons are in a uniform environment (Craig and Banker, 1994) . Conversely, it is conceivable that, in vivo, extracellular cues play a pivotal role in the specification of axonal fate. Little is known about extracellular cues that govern neuronal polarity in vivo. Some studies have shown that extracellular substrate molecules can govern which neurite becomes an axon depending on the substrate preference of neurite elongation (Esch et al., 1999) . When neurons are cultured on substrates patterned with stripes of poly-L-lysine and either laminin or neuron-glia cell adhesion molecule (NgCAM), undifferentiated immature neurites attach on both substrates equally, but axons form preferentially on laminin or NgCAM. These observations suggest that the signals produced by the contact of laminin or NgCAM with adhesion molecules such as integrins cause the rapid neurite growth and are sufficient to induce axon formation. This rapid axon formation is also observed when an immature neurite in stage 2 neurons comes in contact with laminin-coated beads . Thus, signaling cascades accelerated by the extracellular matrix may initiate neurite growth and axon formation, and certain extracellular cues may determine axon or dendrite fate during physiological development.
Recent studies have shown the importance of PI3-kinase and its lipid product phosphatidylinositol 3,4,5-triphosphate (PIP 3 ) in determining and maintaining internal polarity in neurotrophils and dictyostelium (Iijima et al., 2002) . Several groups, including ours, reported that local activation of PI3-kinase and accumulation of PIP 3 at the tip of one of the immature neurites are important for axon specification and elongation (Shi et al., 2003; Menager et al., 2004) (Fig. 2) . PI3-kinase inhibitors, such as LY294002 [2-(4-morpholinyl)-8-phenyl-4 H-1-benzopyran-4-one] , delay the transition of neurons from stage 1 to stage 3, affecting both axon formation and elongation (Shi et al., 2003; Menager et al., 2004) . Local contact of immature neurites with the extracellular matrix, such as laminin, induces rapid production of PIP 3 at the tip of the neurite through the action of PI3-kinase, and PIP 3 is involved in axon specification, possibly by stimulating elongation of an immature neurite . We reported previously that PIP 3 seems to be transported toward the contact site . In fact, Horiguchi et al. (2006) recently demonstrated that a complex of guanylate kinase-associated kinesin and a PIP 3 -interacting protein, PIP 3 BP, transports PIP 3 to the neurite end. The phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is a lipid and protein phosphatase that functions in an opposite manner from PI3-kinase by dephosphorylating PIP 3 (Maehama and Dixon, 1998). Overexpression of PTEN inhibits axon formation, whereas knockdown of PTEN by short interfering RNA (siRNA) induces formation of multiple axons (Jiang et al., 2005) .
PI3-kinase activates Akt (also called protein kinase B) by phosphorylation of Akt at Thr-308 and Ser-473 via PIP 3 , phosphoinositide-dependent kinase, and integrin-linked kinase (ILK) (Scheid and Woodgett, 2001; Hannigan et al., 2005) . Constitutively active myristoylated Akt leads to formation of multiple axons (Jiang et al., 2005) . GSK-3␤ is known to be constitutively active. Activated Akt and ILK phosphorylate GSK-3␤ at Ser-9 and inactivate its kinase activity (Grimes and Jope, 2001; Hannigan et al., 2005) . GSK-3␤ relays signals from PTEN and Akt, and the decreased activity of GSK-3␤ is required for neuronal polarization (Jiang et al., 2005; Yoshimura et al., 2005) . Inhibition of GSK-3␤ by GSK-3 inhibitors [LiCl (lithium chloride), SB216763, and SB415286] or hairpin siRNA induces formation of multiple axons, whereas overexpression of constitutively active GSK-3␤ Signaling cascades in axon specification. In one immature neurite (the future axon), the extracellular matrix (ECM) activates PI3-kinase through interaction with adhesion molecules or receptors, thereby producing PIP 3 . Accumulated PIP 3 drives two major signaling cascades: the Akt/GSK-3␤/CRMP-2 pathway and the positive feedback loop composed of Cdc42, the Par complex, and Rac1. These signaling cascades regulate cytoskeletons, endocytosis, protein trafficking, and transcriptions to promote neurite elongation and to determine axon or dendrite fate.
inhibits axon formation (Jiang et al., 2005; Yoshimura et al., 2005) .
Recently, it was shown that local Akt degradation mediated by the ubiquitin-proteasome system is important in determining neuronal polarity (Yan et al., 2006) . Akt is present in both the cell body and multiple immature neurites of stage 2 neurons. Preferential degradation of putative future dendritic Akt is mediated by the ubiquitin-proteasome system from stage 2 to stage 3; and in stage 3 neurons, Akt is localized in the cell body and one axonal tip. There is more inactivated and phosphorylated GSK-3␤ at Ser-9 in the tips of axons than in the tips of future dendrites in stage 3 neurons (Jiang et al., 2005) . At the tips of nascent axons, Akt phosphorylates and inactivates GSK-3␤. These results indicate the significance of the PI3-kinase/Akt/GSK-3␤ pathway in neuronal polarity (Fig. 2) .
Regulation of collapsin response mediator protein-2 by GSK-3␤
Collapsin response mediator protein-2 (CRMP-2) is one of at least five isoforms and is highly and exclusively expressed in the developing nervous system (Goshima et al., 1995; Wang and Strittmatter, 1996; Arimura et al., 2004) . Mutations in the UNC-33 gene, a Caenorhabditis elegans homolog of CRMPs, lead to severely uncoordinated movement and abnormalities in the guidance of axons of many neurons (Hedgecock et al., 1985) . We showed that GSK-3␤ determines axon or dendrite fate through phosphorylation of CRMP-2 . CRMP-2 is enriched in the growing axon of hippocampal neurons, and overexpression of CRMP-2 induces multiple axons, whereas inhibition of CRMP-2 functions impairs axon formation (Inagaki et al., 2001 ). CRMP-2 interacts with tubulin heterodimers and promotes microtubule assembly in vitro (Fukata et al., 2002b) . CRMP-2 also regulates endocytosis of specific adhesion molecules, including L1, through interaction with Numb (Nishimura et al., 2003) and reorganization of actin filaments acting through specifically Rac1-associated protein 1 (Sra-1) . Truncated kinesin-1 selectively accumulates in only (future) axons in the early and late stages (Nakata and Hirokawa, 2003; Jacobson et al., 2006) . CRMP-2 links tubulin heterodimers or Sra-1 to kinesin-1 through interaction with kinesin light chain, and the CRMP-2/kinesin-1 complex regulates the transport of these proteins to the distal part of the growing axon Kimura et al., 2005) . Thus, CRMP-2 seems to promote neurite elongation and axon specification by regulating microtubule assembly, endocytosis of adhesion molecules, reorganization of actin filaments, and axonal protein trafficking.
GSK-3␤ can phosphorylate CRMP-2 at Thr-514 and Ser-518 through the priming phosphorylation at Ser-522 by Cdk5 . Phosphorylation of CRMP-2 by GSK-3␤ lowers the activity of CRMP-2 for the interaction with tubulin and Numb Yoshimura et al., 2005) . In cultured hippocampal neurons, ϳ30% of CRMP-2 is constitutively phosphorylated at Thr-514, and this phosphorylation is decreased by GSK-3 inhibitors. GSK-3␤ is activated only in the tips of axons in stage 3 neurons (Jiang et al., 2005) . CRMP-2 phosphorylated at Thr-514 is enriched in the distal part of the growing axons but clearly not at the axonal growth cones, suggesting that there is a nonphosphorylated CRMP-2 pool at Thr-514 in the growing axonal growth cone (Yoshimura et al., 2005). Expression of constitutively active GSK-3␤ impaired neuronal polarization, whereas the nonphosphorylated form of CRMP-2 counteracted the inhibitory effects of GSK-3␤, which indicates that GSK-3␤ regulates neuronal polarity through phosphorylation of CRMP-2 (Fig. 2) . Zhou et al. (2004) reported that nerve growth factorinduced axon elongation is mediated by the PI3-kinase/ILK/ GSK-3␤/adenomatous polyposis coli (APC) pathway in dorsal root ganglion neurons. GSK-3␤ phosphorylates microtubuleassociated protein 1B (MAP1B) and APC (Goold et al., 1999; Zumbrunn et al., 2001; Trivedi et al., 2005) . Phosphorylation of MAP1B by GSK-3␤ suppresses detyrosination of microtubules and decreases the number of stable microtubules. Binding of APC to microtubules increases microtubule stability, whereas phosphorylation of APC decreases interaction with microtubules. Hippocampal neurons derived from doubleknock-out mice with disrupted tau and MAP1B genes, which have redundant functions, show a defect in axon formation at stage 3 (Takei et al., 2000) . These results suggest that GSK-3␤ regulates microtubule dynamics through microtubule-associating molecules and thereby governs neuronal polarity.
Positive feedback loop
The Par complex (including Par3, Par6, and atypical protein kinase C) functions in various cell-polarization events, including axon specification (Ohno, 2001; Shi et al., 2003; Macara, 2004; Nishimura et al., 2004) . Rho family small GTPases are major regulators of actin filaments and microtubules (Govek et al., 2005) . Rho family small GTPases cycle between a GTP-bound active state and a GDP-bound inactive state, acting as molecular switches. Guanine nucleotide exchange factors (GEFs) activate GTPases by enhancing the exchange of bound GDP for GTP (Schmidt and Hall, 2002) . Of the Rho family small GTPases, Cdc42, Rac1, and RhoA have been characterized most extensively. PI3-kinase activity is also required for proper localization of the Par complex and Cdc42 at the tips of the growing axons, all of which are necessary for neuronal polarization (Shi et al., 2003; Schwamborn and Puschel, 2004) . Nishimura et al. (2004) reported that Par3 is transported to the distal tip of the growing axon by kinesin-2 through direct interaction with KIF3A and that proper localization of Par3 is required to establish neuronal polarity. T-lymphoma invasion and metastasis 1 (Tiam1; a GEF for Rac1) is involved in axon formation (Kunda et al., 2001 ). Cdc42-GTP binds to Par6 and determines the localization of the Par complex. Par3 directly interacts with STEF (Sif-and Tiam1-like exchange factor)/Tiam1 (GEFs for Rac1), and the Par3/Par6 complex mediates the signal from Cdc42 to Rac1 for axon specification (Nishimura et al., 2005) . Given that Rac1 activates PI3-kinase, the signal initially evoked by PI3-kinase appears to terminate at PI3-kinase itself (Govek et al., 2005) . This positive feedback loop may be a driving force for axon specification and maturation (Fig. 2) .
It has been reported that Rap1B and H-Ras, members of the Ras family small GTPases, are involved in axon specification (Schwamborn and Puschel, 2004; Yoshimura et al., 2006) . Rap1B acts upstream of Cdc42 and the Par complex in neuronal polarity (Schwamborn and Puschel, 2004) . Analysis using inhibitors revealed that PI3-kinase functions upstream of Rap1B. What is the upstream signaling molecule of PI3-kinase on neuronal polarity? We recently found that H-Ras plays critical roles in establishing neuronal polarity upstream of the PI3-kinase/Akt/GSK-3␤/ CRMP-2 pathway (Yoshimura et al., 2006) . Ras may stimulate and activate PI3-kinase at the tip of one of the immature neurites downstream of the extracellular cues (Fig. 2) .
Concluding remarks
Significant progress has been made toward understanding the intracellular signaling cascades during neuronal polarization. Figure 2 is a model schema of the signaling cascades in axon specification. Two major signaling cascades downstream of PI3-kinase play a central role in neuronal polarization. The PI3-kinase/Akt.GSK-3␤/CRMP-2 pathway promotes neurite outgrowth to determine axon or dendrite fate. The positive feedback loop composed of Cdc42, the Par complex, and Rac1 cycles locally in the tips of future axons. However, more questions must be answered before the molecular mechanisms will be entirely understood. What are the extracellular signals involved in the establishment of neuronal polarity? Because cultured neurons acquire polarity without any directional gradients of extrinsic signals, neurons appear to have an internal polarization program (Craig and Banker, 1994) . However, axons and dendrites face the preferred direction in vivo, where extrinsic signals from the surrounding cellular environment likely play a major role in neuronal polarization. It remains primarily unknown about extracellular cues that govern neuronal polarity. Additional studies are needed to elucidate fully the mechanisms behind establishment of neuronal polarity.
In mature regenerating dorsal root ganglion neurons, inactivation of GSK-3␤ and accumulation of APC were observed at the distal tips of axons (Zhou et al., 2004) . Overexpression of CRMP-2 in injured rat hypoglossal motor neurons accelerates nerve regeneration (Suzuki et al., 2003) . It would be interesting to examine what kinds of signaling cascades are involved in nerve regeneration. Investigating the details of the signaling would yield a more complete understanding of a diverse range of processes including development, nerve regeneration, and neurodegenerative disease.
